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(57) ABSTRACT 

Adioptric projection optical system Which projects an image 
of a ?rst surface onto a second surface includes lens com 

ponents formed of at least tWo types of ?uorides, and is 
constituted by, in order from a ?rst surface side, a ?rst lens 
group having a negative refractive poWer, a second lens 
group having a positive refractive poWer, a third lens group 
having a negative refractive poWer, a fourth lens group 
having an aperture stop Within an optical path, and a ?fth 
lens group having a positive refractive poWer. An clear 
aperture of a light beam in the projection optical system is 
at a maximum Within the second lens group, is at a minimum 
Within the third lens group, is at a maximum Within the third, 
fourth, or ?fth lens group, and has only one signi?cant 
minimum betWeen the ?rst surface and the second surface. 
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FIG. 10 
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Step 301 L 

A photoresist is coated on the metal ?lm. -\ 
Step 302 

Using an exposure apparatus of 
embodiments, an image of a pattern on 

a reticle is transferred to the respective shot _\ Step 303 
regions on the wafer. 
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The photoresist on the wafer is developed. -\ 

Step 304 

Using a resist pattern as a mask, etching 
is performed on the wafer. \ Step 305 
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PROJECTION OPTICAL SYSTEM, PROJECTION 
EXPOSURE APPARATUS, AND PROJECTION 

EXPOSURE METHOD 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to a projection exposure 
apparatus and a projection exposure method Which are used, 
for example, When a micro device such as a semiconductor 
integrated circuit, an imaging element such as a CCD or the 
like, a liquid crystal display, a thin ?lm magnetic head, or the 
like is fabricated by using lithography technology, and to a 
projection optical system Which is suitable for use in the 
projection exposure apparatus. 

[0003] 2. Related Background Art 

[0004] Recently, as circuit patterns of micro devices such 
as semiconductor integrated circuits and the like have been 
made smaller, a Wavelength of illumination light (exposure 
light) for exposure Which is used in an exposure apparatus 
such as a stepper has been shortened. That is, as exposure 
light, instead of an i line (Wavelength: 365 nm) of a mercury 
lamp Which Was mainly used in a conventional device, KrF 
excimer laser light (Wavelength: 248 nm) is mainly used. 
Furthermore, ArF excimer laser light Which has an even 
shorter Wavelength (Wavelength: 193 nm) has been made 
practical. Additionally, With the object of developing expo 
sure light of a short Wavelength, use of halogen molecular 
laser or the like such as F2 laser (Wavelength: 157 nm) is also 
being tested. 

[0005] As a light source at a Wavelength 200 nm or less in 
a vacuum ultraviolet region, the above-mentioned excimer 
laser, halogen molecular laser, or the like can be used. 
HoWever, there is a limit to practically developing a narroW 
band in such lasers. Additionally, materials Which transmit 
radiated light in a vacuum ultraviolet region are limited, so 
only limited materials can be used for the lens elements 
Which constitute the projection optical system. The trans 
mittance of these limited materials is not very high. Fur 
thermore, currently, performance capability of antire?ection 
coatings provided on a surface of the lens elements is not as 
high as in long Wavelength light. 

SUMMARY OF THE INVENTION 

[0006] Therefore, one object of this invention is to have a 
short glass path length and a loW number of lens surfaces, to 
suitably correct chromatic aberration, and to reduce a burden 
of a light source. Furthermore, another object of this inven 
tion is to suitably project and expose an image of a pattern 
of a mask Which has been made extremely ?ne onto a 
Workpiece. 
[0007] To accomplish the above-mentioned objects, a pro 
jection optical system of a ?rst embodiment is a dioptric 
projection optical system Which projects an image of a ?rst 
surface onto a second surface, includes lens components 
formed of at least tWo types of ?uorides, and is constituted 
by, in order from the ?rst surface side, a ?rst lens group 
having a negative refractive poWer, a second lens group 
having a positive refractive poWer, a third lens group having 
a negative refractive poWer, a fourth lens group having an 
aperture stop Within an optical path, and a ?fth lens group 
having a positive refractive poWer. An clear aperture of a 

Apr. 3, 2003 

light beam in the projection optical system is at a maximum 
Within the second lens group, is at a minimum Within the 

third lens group, is at a relative maximum Within the third, 
fourth, or ?fth lens groups, and has only one signi?cant 
minimum betWeen the ?rst surface and the second surface. 

[0008] Additionally, in order to accomplish the above 
mentioned object, the projection optical system of a second 
embodiment is a dioptric projection optical system Which 
projects an image of a ?rst surface onto a second surface and 
is constituted by, in order from the ?rst surface side, a ?rst 
lens group having a negative refractive poWer, a second lens 
group having a positive refractive poWer, a third lens group 
having a negative refractive poWer, a fourth lens group 
having an aperture stop Within an optical path, and a ?fth 
lens group having a positive refractive poWer. When an clear 
aperture of a light beam in the projection optical system 
monotonically increases Within the ?rst lens group in the 
direction from the ?rst surface side to the second surface 
side, the clear aperture of the light beam goes from an 
increased siZe to a decreased siZe Within the second lens 
group, the clear aperture goes from a decreased siZe to an 

increased siZe Within the third lens group, the clear aperture 
monotonically decreases Within the ?fth lens group, the 
clear aperture of a surface having the maximum clear 
aperture Within the second lens group is Mx2, and the clear 
aperture of a surface having the minimum clear aperture 
Within the third lens group is Mn3, and the folloWing 
condition is satis?ed: 

[0009] Additionally, in order to accomplish the above 
mentioned object, a projection exposure apparatus according 
to this invention is a projection exposure apparatus Which 
projection exposes an image of a pattern arranged in a mask 
onto a Workpiece, is provided With a light source Which 
supplies exposure light, an illumination optical system 
Which guides exposure light from the light source to the 
pattern on the mask, and the projection optical system, and 
can arrange the mask at the ?rst surface and the Workpiece 
at the second surface. Furthermore, in preferred embodi 
ments of the projection exposure apparatus of this invention, 
the light source supplies exposure light in a vacuum ultra 
violet region, and in further preferred embodiments, the light 
source includes an F2 laser. 

[0010] The present invention Will become more fully 
understood from the detailed description given hereinbeloW 
and the accompanying draWings Which are given by Way of 
illustration only, and thus are not to be considered as limiting 
the present invention. 

[0011] Further scope of applicability of the present inven 
tion Will become apparent from the detailed description 
given hereinafter. HoWever, it should be understood that the 
detailed description and speci?c examples, While indicating 
preferred embodiments of the invention, are given by Way of 
illustration only, since various changes and modi?cations 
Within the spirit and scope of the invention Will become 
apparent to those skilled in the art from this detailed descrip 
tion. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] FIG. 1 is an optical path diagram of a projection 
optical system of a ?rst embodiment of this invention. 

[0013] FIG. 2 is an optical path diagram of a projection 
optical system of a second embodiment of this invention. 

[0014] FIG. 3 is an optical path diagram of a projection 
optical system of a third embodiment of this invention. 

[0015] FIG. 4 is an optical path diagram of a projection 
optical system of a fourth embodiment of this invention. 

[0016] FIG. 5 shoWs aberration diagrams of a projection 
optical system of a ?rst embodiment of this invention. 

[0017] FIG. 6 shoWs aberration diagrams of a projection 
optical system of a second embodiment of this invention. 

[0018] FIG. 7 shoWs aberration diagrams of a projection 
optical system of a third embodiment of this invention. 

[0019] FIG. 8 shoWs aberration diagrams of a projection 
optical system of a fourth embodiment of this invention. 

[0020] FIG. 9 is a structural diagram of a projection 
exposure apparatus related to embodiments of this inven 
tion. 

[0021] FIG. 10 is a ?oWchart shoWing one example of a 
method of fabricating a micro device related to embodi 
ments of this invention. 

[0022] FIG. 11 is a ?oWchart shoWing one example of 
another method of fabricating a micro device related to 
embodiments of this invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0023] The folloWing explains details of embodiments of 
this invention based on the draWings. FIGS. 1-4 are optical 
path diagrams of a projection optical system related to ?rst 
through fourth embodiments of this invention. The projec 
tion optical systems shoWn in FIGS. 1-4 are dioptric pro 
jection optical systems Which project a reduced image of a 
pattern image on a reticle R as a ?rst surface onto a Wafer 
W as a second surface. These projection optical systems 
include lens components formed of at least tWo types of 
?uorides and are constituted by, in order from the ?rst 
surface side, a ?rst lens group G1 having a negative refrac 
tive poWer, a second lens group G2 having a positive 
refractive poWer, a third lens group G3 having a negative 
refractive poWer, a fourth lens group G4 having an aperture 
stop in an optical path, and a ?fth lens group G5 having a 
positive refractive poWer. Additionally, an clear aperture of 
a light beam in the projection optical system is at a relative 
maximum Within the second lens group G2, is at a minimum 
Within the third lens group G3, is at a relative maximum 
Within the third, fourth or ?fth lens group G3, G4, or G5, 
respectively, and has only one prominence minimum 
betWeen the ?rst surface and the second surface. 

[0024] Because at least tWo types of ?uorides are used as 
lens components of the projection optical system, the refrac 
tive optical members are constituted by materials With 
different dispersions, so chromatic aberration can be cor 
rected Well. Therefore, even When a light source Whose 
narroW band area is not Well developed is used, a high 
imaging performance capability can be accomplished. Fur 
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thermore, by having a lens structure in Which the only one 
signi?cant minimum is held betWeen the ?rst and second 
surfaces, the number of lenses can be reduced. Therefore, a 
glass path length can be shortened, and the number of lens 
surfaces can be reduced. By so doing, requirement levels for 
performance capability of transmittance and re?ection pre 
vention coatings can be reduced, and a projection optical 
system can be easily fabricated. 

[0025] Furthermore, it is preferable that all lens compo 
nents Within these dioptric projection optical systems are 
formed of at least tWo types of ?uorides. Fluoride has 
suf?cient transmittance With respect to Wavelengths of 200 
nm or less, so absorption of exposure light of a refractive 
optical member Within the projection optical system can be 
reduced to a degree Where there is substantially no effect. 
Furthermore, When composite silica is used as a lens mate 
rial, generation of irradiation ?uctuation due to absorption of 
exposure light occurs. HoWever, if ?uoride is used as a 
material, this can be avoided. Furthermore, because of the 
above-mentioned construction, an optical system in Which 
chromatic aberration Which can correspond to F2 laser light 
is corrected. 

[0026] Additionally, When an clear aperture of a surface 
having the maximum clear aperture Within the second lens 
group is Mx2 and an clear aperture of a surface having the 
minimum clear aperture Within the third lens group is Mn3, 
it is preferable that the folloWing condition equation (1) is 
satis?ed. 

[0027] When the maximum of the condition equation (1) 
is exceeded, correction of off-axis aberration becomes dif 
?cult, and if the minimum is exceeded, correction of chro 
matic aberration is not good. Additionally, preferable bound 
ary values are maximum 3.2 and minimum 1.85. 

[0028] Furthermore, this projection optical system is con 
stituted by, in order from the ?rst surface side, a ?rst lens 
group having a negative refractive poWer, a second lens 
group having a positive refractive poWer, a third lens group 
having a negative refractive poWer, a fourth lens group 
having an aperture stop Within an optical path, and a ?fth 
lens group having a positive refractive poWer. Furthermore, 
the clear aperture of the light beam in the projection optical 
system monotonically increases Within the ?rst lens group 
from the ?rst surface side to the second surface side, goes 
from an increased siZe to a decreased siZe Within the second 
lens group, goes from a decreased siZe to an increased siZe 
from the third lens group, and monotonically decreases 
Within the ?fth lens group. According to the above-men 
tioned structure, the second and third lens groups can be 
caused to effectively contribute to PetZval’s sum. 

[0029] Furthermore, it is preferable that a combination of 
at least tWo sets of positive and negative lenses are adjacent 
in the fourth lens group and the positive and negative lenses 
are formed of different ?uoride materials. The fourth lens 
group has an aperture stop, so chromatic aberration can be 
effectively corrected by arranging this type of lens in the 
vicinity of a pupil position. Additionally, correction of 
chromatic aberration can be Well accomplished by a com 
bination of positive and negative lenses formed of materials 
of different dispersions. By so doing, correction of chro 
matic aberration in a Wide laser band area can be accom 

plished. 
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[0030] Additionally, it is preferable that the ?uoride is a 
material selected from the group consisting of calcium 
?uoride, barium ?uoride, lithium ?uoride, magnesium ?uo 
ride, strontium ?uoride, lithium-calcium-aluminum-?uo 
ride, and lithium-strontium-aluminum-?uoride. Among 
?uorides, these ?uoride crystals are materials that can be 
processed and fabricated into optical elements, and by 
selecting a material from this group, a projection optical 
system and an exposure apparatus can be easily fabricated. 

[0031] At this time, With respect to chromatic aberration 
correction, it is preferable that a material With small disper 
sion is used for positive lenses and a material With large 
dispersion is used for negative lenses. Currently, lithium 
?uoride and barium ?uoride are generally knoWn as chro 
matic aberration correction materials for calcium ?uoride. 
Therefore, When calcium ?uoride and barium ?uoride are 
used as materials, it is preferable that calcium ?uoride is 
used for positive lenses and barium ?uoride is used for 
negative lenses. When lithium ?uoride and calcium ?uoride 
are used for materials, it is also preferable that lithium 
?uoride is used for positive lenses and calcium ?uoride is 
used for negative lenses. Furthermore, in addition to this, 
strontium ?uoride, sodium ?uoride, potassium ?uoride, or 
the like can be used as a material With dispersion larger than 
calcium ?uoride. Negative lenses can also be constituted by 
these ?uorides, and positive lenses can also be constituted by 
calcium ?uoride. 

[0032] Furthermore, When the distance betWeen a surface 
having a minimum clear aperture Within the third lens group 
and a stop surface is Ls and the distance betWeen the ?rst 
surface and the second surface is Lt, it is preferable that the 
folloWing condition equation (2) is satis?ed: 

[0033] Condition equation (2) establishes the distance 
betWeen the minimum part of a signi?cant light beam and an 
aperture stop. If condition equation (2) is not satis?ed, a state 
results in Which correction of chromatic aberration is not 
good. Furthermore, preferable boundary values are maxi 
mum 0.4 and minimum 0.24. 

[0034] Furthermore, in at least tWo negative lenses in the 
fourth lens group, if the clear aperture is H and a diagonal 
length of an image ?eld is D, it is preferable that the 
folloWing condition equation (3) is satis?ed. 

[0035] The condition equation (3) establishes the siZe and 
refractive poWer of negative lenses arranged in the fourth 
lens group for chromatic aberration correction. When the 
maximum of condition equation (3) is exceeded, fabrication 
dif?culty and cost rapidly increase. If the minimum is 
exceeded, chromatic aberration correction cannot be suf? 
ciently performed. Furthermore, preferable boundary values 
are maximum 16 and minimum 9. Furthermore, When a 
composite refractive poWer of at least tWo negative lenses 
Which satisfy condition equation (3) is P, it is preferable that 
the folloWing condition equation (4) is satis?ed: 

[0036] If the maximum of condition equation (4) is 
exceeded, fabrication difficulty and cost rapidly increase. 
When the minimum is exceeded, chromatic aberration cor 
rection cannot be suf?ciently performed. More preferable 
boundary values are maximum 0.017 and minimum 0.006. 
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[0037] In addition, When the clear aperture of a surface 
having the maximum clear aperture is Mx4 and the clear 
aperture of a surface having the minimum clear aperture is 
Mn4 Within the fourth lens group, it is preferable that the 
folloWing condition equation (5) is satis?ed: 

[0038] Condition equation (5) establishes a structure of an 
optical system having only one signi?cant minimum value 
betWeen the ?rst and second surfaces Which is suitable for 
chromatic aberration correction. If condition equation (5) is 
not satis?ed, chromatic aberration correction is not good. A 
more preferable boundary value is minimum 0.8. The maxi 
mum is 1 Which is a limited value because the condition 
equation is minimum/maximum. 

[0039] Furthermore, When F numbers of the respective 
lenses Which form the third lens group are FNi, it is 
preferable that the folloWing is satis?ed: 

[0040] Here, With respect to an F number FNi of a lens, 
When a focal length of the lens is ? and the clear aperture 
(diameter) of the lens is CLi, the folloWing is true: 

[0041] The above-mentioned condition (6) both corrects 
chromatic aberration and forms a stable good image. Here, 
in order to correct chromatic aberration, by reducing (bright 
ening) an F number of a positive lens formed of a ?rst glass 
material and a negative lens formed of a second glass 
material, effects of chromatic aberration correction can be 
signi?cantly made. HoWever, When the F number is made 
smaller than the range of the above-mentioned condition (6), 
it is not preferable because aberration ?uctuation becomes 
large When the lens is decentered, and it is dif?cult to obtain 
a stable good image. Furthermore, in order to obtain a 
further stable good image, it is preferable that a boundary 
value of the above-mentioned condition (6) is set at 0.9. 

[0042] The folloWing explains numerical value embodi 
ments of a projection optical system PL according to this 
invention. 

[0043] [First Embodiment] 
[0044] FIG. 1 is an optical path diagram of a projection 
optical system PL of a ?rst embodiment. In the projection 
optical system PL of this embodiment, 157.62 nm is taken 
as a reference Wavelength. Chromatic aberration is corrected 
Within the range of 0.4 pm FWHM (full Width at half 
maximum) With respect to the reference Wavelength. Among 
lenses L101-L125 Within the projection optical system PL, 
the lenses L109, L111, L112, L115, L118, and L119 are 
formed of barium ?uoride (BaFZ), and the other lenses are 
formed of calcium ?uoride (CaF2). Thus, all of the lens 
components Within the projection optical system PL are 
formed of ?uoride. 

[0045] As shoWn in FIG. 1, the projection optical system 
PL of this embodiment is constituted by, in order from the 
reticle R side as a ?rst surface, a ?rst lens group G1 having 
a negative refractive poWer, a second lens group G2 having 
a positive refractive poWer, a third lens group G3 having a 
negative refractive poWer, a fourth lens group G4 having an 
aperture stop AS Within an optical path, and a ?fth lens 
group G5 having a positive refractive poWer. An clear 
aperture of a light beam in the projection optical system PL 
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monotonically increases Within the ?rst lens group G1 in the 
direction from the reticle R side to the Wafer W side, the 
Wafer W side being a second surface. The clear aperture of 
the light beam is at a relative maximum Within the second 
lens group G2, and goes from an increased siZe to a 
decreased siZe Within the second lens group G2. The clear 
aperture is at a minimum Within the third lens group G3, and 
goes from a decreased siZe to an increased siZe Within the 
third lens group G3. The clear aperture is at a relative 
maximum Within the fourth lens group G4, monotonically 
decreases Within the ?fth lens group, and has only one 
signi?cant minimum betWeen the reticle R and the Wafer W. 

[0046] In the fourth lens group G4, three sets of combi 
nations in Which positive and negative lenses are adjacent to 
each other are included. That is, the positive lens L114, the 
negative lens L115, and the positive lens L116 are adjacent 
to each other, the positive lens L117 and the negative lens 
L118 are adjacent to each other, and the negative lens L119 
and the positive lens L120 are adjacent to each other. Among 
these positive and negative lenses, the positive lenses L114, 
L116, L117, and L120 are formed of calcium ?uoride, and 
the negative lenses L115, L118, and L119 are formed of 
barium ?uoride. 

[0047] Various values of the projection optical system PL 
related to the ?rst embodiment are shoWn in Table 1. In 
Table 1, NA is the numerical aperture of the Wafer W side, 
4) is the diameter of an image circle on the Wafer W surface, 
[3 is the magni?cation of the entire projection optical system, 
d0 is the distance from the ?rst surface (reticle surface) to 
the optical surface closest to the ?rst surface side, and WD 
is the distance from the optical surface closest to the second 
surface (Wafer surface) side, to the second surface. The lens 
numbers of Table 1 correspond to the lenses L101-L125 
shoWn in FIG. 1. Table 1 shoWs lens numbers, radius of 
curvature of the front surface, radius of curvature of the rear 
surface, on-axis interval, and material of each lens, in order 
from the left. Here, the surface facing the reticle R side of 
each lens is the front surface, and the surface facing the 
Wafer W side is the rear surface. Positive symbols in the 
radius of curvature of the front surface indicate convex 
surfaces, and negative symbols indicate concave surfaces. 
Positive symbols in the radius of curvature of the rear 
surface are concave surfaces, and negative symbols are 
convex surfaces. A(1)-A(7) mean aspherical surfaces, and 
APERTURE STOP means an aperture stop. 

[0048] Aspherical data of each surface is shoWn in Table 
2. With respect to an aspherical surface, When the height in 
a direction perpendicular to the optical axis is y, the distance 
(sag amount) along the optical axis from a tangent plane at 
the vertex of an aspherical surface to a position on the 
aspherical surface at height y is Z, the radius of curvature at 
the vertex is r, the conical coef?cient is K, and the n-order 
aspherical coef?cients are A-F, the folloWing equation is 
shoWn. This is CURV=1/r in Table 2. 

D*y +E*y +F*y 

[0049] Here, mm can be used as one example of the units 
for the radius of curvature and interval in various values of 
this embodiment. The index of refraction of calcium ?uoride 
for a reference Wavelength of 157.62 nm is 1.5593067, and 
the index of refraction of barium ?uoride is 1.65669. In this 
embodiment, dispersion dn/d)» Which is the amount of 
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change of the index of refraction per 1 pm of calcium 
?uoride is —2.606><10_3/nm, and the dispersion dn/d)» Which 
is the amount of change of the index of refraction per 1 pm 
of barium ?uoride is —4.376><10_3/ nm. Furthermore, if the 
value of dispersion dn/d)» Which is the amount of change of 
the index of refraction per 1 pm is positive, the index of 
refraction n increases as the wavelength 9» becomes longer. 
If the value of this dispersion dn/d)» is negative, the index of 
refraction n decreases as the wavelength 9» becomes longer. 

TABLE 1 

Radius of 
Lens Curvature 
Number Front Surface Back Surface Interval Material 

L101 —651.4672 A(1) 13.0000 CaF2 
21.6151 

L102 —110.0000 —2500.0000 49.9993 CaF2 
1.0000 

L103 A(2) —201.4467 46.9803 CaF2 
1.0000 

L104 —1922.8315 —271.1975 30.6714 CaF2 
1.0000 

L105 508.9911 —574.2044 36.4902 CaF2 
55.7956 

L106 895.2837 —458.1257 32.4709 CaF2 
1.0000 

L107 266.6754 915.2035 46.8959 CaF2 
1.0000 

L108 175.9242 A(3) 49.9504 CaF2 
15.4504 

L109 00 124.7711 13.0000 BaF2 

28.1255 
L110 —117.9102 A(4) 50.0000 CaF2 

5.6946 
L111 —146.7570 1067.4538 30.0000 BaF2 

39.0891 

L112 —229.3460 1008.2204 50.0000 BaF2 
4.0037 

L113 A(S) —206.0879 47.4643 CaF2 
10.0572 

L114 1092.6370 —218.2017 53.2867 CaF2 
1.0000 

L115 —467.9204 346.0346 20.0000 BaF2 
1.0000 

L116 273.4143 —1673.6551 44.1478 CaF2 
1.0000 

L117 309.1394 —450.9566 51.7187 CaF2 
8.2655 

L118 —314.0034 2022.0764 20.0000 BaF2 
13.2775 

APERTURE STOP 

23.3438 
L119 —488.5262 335.5696 20.2571 BaF2 

1.0000 

L120 330.4692 —821.3865 41.7072 CaF2 
1.0000 

L121 250.0000 1080.8488 41.9068 CaF2 
23.7787 

L122 192.5070 615.8599 40.0000 CaF2 
1.0000 

L123 169.4237 A(6) 49.8065 CaF2 
1.0000 

L124 108.6565 A(7) 43.9455 CaF2 
7.8016 

L125 —2721.0405 00 50.0000 CaF2 

NA = 0.82 

q) = 20.6 

|3 = 1/4 
d 0 = 49.0027 

WD = 9.0000 



US 2003/0063393 A1 Apr. 3, 2003 

[0050] 

TABLE 21 

Surface Curv K A B 
Number C D E F 

A(1) 0.00508333 0.000000 —2.28380E—07 1.47277E-11 
—1.30058E—15 1.28064E-19 —7.39170E—24 0.00000E+00 

A(2) —0.00000542 0.000000 —5.49861E—08 2.09715E-12 
—1.20561E—16 5.79847E-21 —2.02391E—25 0.00000E+00 

A(3) 0.00723799 0.000000 —5.64051E—08 —4.28140E—12 
—1.91521E—16 —5.03997E—21 —2.06507E—25 0.00000E+00 

A(4) —0.005000000 0.000000 —7.90936E—09 2.93220E-12 
—3.42737E—16 —1.82036E—20 —1.51282E—24 0.00000E+00 

A(5) 0.00102878 0.000000 —4.38752E—08 1.06890E-12 
—5.19567E—17 1.67942E-21 —4.80066E—26 0.00000E+00 

A(6) 0.00143218 0.000000 4.21052E-08 —2.68961E—13 
4.25981E-17 —9.44829E—22 9.58713E-26 0.00000E+00 

A(7) 0.00420441 0.000000 —2.60476E—08 —2.45839E—12 
—9.81701E—16 4.09695E-21 3.33675E-24 0.00000E+00 

[0051] The following shows the condition equation cor 
responding values. 

[0052] FIG. 5 shoWs horizontal aberration (coma aberra 
tion) in a tangential direction and in a sagittal direction of a 
projection optical system of the ?rst embodiment. In the 
diagram, Y represents the image height, and aberration is 
shoWn at Y=0, Y=5 .15, and the maximum image height of 
Y=10.3. In the diagram, solid lines shoW aberration at a 
Wavelength of 157.62 nm, dashed lines shoW aberration at 
the reference Wavelength +0.4 pm, and single-dot chain lines 
shoW aberration at the reference Wavelength —0.4 pm, 
respectively. As is clear from the aberration diagrams, With 
respect to the projection optical system of this embodiment, 
aberration can be corrected Well Within the range of the 
image height 0 to the maximum image height, and good 
chromatic aberration can be accomplished Within the Wave 
length range of FWHM 0.4 pm. Therefore, by incorporating 
the projection optical system of this embodiment into an 
exposure apparatus, even if a light source Whose narroW 
band region is not developed is used, an extremely ?ne 
pattern can be transferred onto a Wafer. The projection 
optical system of this embodiment has a round image ?eld 
With a diameter of 20.6. Therefore, an elongate exposure 
region can be obtained With, for example, a Width of 
approximately 5 in the scanning direction and a Width of 
approximately 20 in a direction perpendicular to the direc 
tion Within this image ?eld. Furthermore, the units for image 
height and image ?eld are mm When mm are used as the 
units for the radius of curvature and interval in Tables 1 and 
2. 

[0053] [Second Embodiment] 
[0054] FIG. 2 is an optical path diagram of a projection 
optical system PL of a second embodiment. In the projection 
optical system PL of this embodiment, 157.62 nm is taken 
as a reference Wavelength. Chromatic aberration is corrected 
Within the range of 0.6 pm FWHM (full Width at half 
maximum) With respect to the reference Wavelength. Among 
lenses L201-L227 Within the projection optical system PL, 
the lenses L209, L211, L212, L216, L219, and L221 are 
formed of barium ?uoride (BaFZ), and the other lenses are 
formed of calcium ?uoride (CaFZ). Thus, all of the lens 
components Within the projection optical system PL are 
formed of ?uoride. 

[0055] As shoWn in FIG. 2, the projection optical system 
PL of this embodiment is constituted by, in order from the 
reticle R side as a ?rst surface, a ?rst lens group G1 having 
a negative refractive poWer, a second lens group G2 having 
a positive refractive poWer, a third lens group G3 having a 
negative refractive poWer, a fourth lens group G4 having an 
aperture stop AS Within an optical path, and a ?fth lens 
group G5 having a positive refractive poWer. An clear 
aperture of a light beam in the projection optical system PL 
monotonically increases Within the ?rst lens group G1 in the 
direction from the reticle R side to the Wafer W side, the 
Wafer W side being a second surface. The clear aperture of 
the light beam is at a relative maximum Within the second 
lens group G2, and goes from an increased siZe to a 
decreased siZe Within the second lens group G2. The clear 
aperture is at a minimum Within the third lens group G3, and 
goes from a decreased siZe to an increased siZe Within the 
third lens group G3. The clear aperture is at a relative 
maximum Within the fourth lens group G4, monotonically 
decreases Within the ?fth lens group, and has only one 
signi?cant minimum between the reticle R and the Wafer W. 

[0056] In the fourth lens group G4, three sets of combi 
nations in Which positive and negative lenses are adjacent to 
each other are included. That is, the positive lens L215, the 
negative lens L216, and the positive lens L217 are adjacent 
to each other, the positive lens L218, the negative lens L219, 
and the positive lens L220 are adjacent to each other, and the 
negative lens L221 and the positive lens L222 are adjacent 
to each other. Among these positive and negative lenses, the 
positive lenses L215, L217, L218, L220, and L222 are 
formed of calcium ?uoride, and the negative lenses L216, 
L219, and L221 are formed of barium ?uoride. 
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[0057] Various values of the projection optical system PL 
related to the second embodiment are shoWn in Table 3. The TABLE 3-continued 
lens numbers in Table 3 correspond to the lenses L201-L227 _ 

shoWn in FIG. 2. Aspherical surface data of each surface is lglensb RadFlus ifscufrvature SBdfCk I t 1 M t _ 1 
. . . um 6T I‘Ol'l 11f 3C6 11f 3C6 1'1 erva a 6H3. 

shown in Table 4. The de?nitions of symbols and coeffi 
cients in Tables 3 and 4 are the same as in the above- L215 938.5634 -327.2097 42.5674 CaF2 
mentioned ?rst embodiment. Here, mm can be used as one 100% 
eXample of the units for the radius of curvature and interval L216 471-4329 288-9697 22-2332 BaFZ 

in various values of this embodiment. L217 2599177 8459434 326625 can 

1.0000 
TABLE 3 L218 357.3411 -361.0948 53.9026 CaFZ 

8.2291 
Lens Radlus Of Curvature Back L219 -273.6992 518.0280 20.0000 BaFZ 
Number Front Surface Surface Interval Material 10000 

L220 362.2033 -584.1011 45.0799 (3 F2 
L201 -347.5929 A(1) 13.5370 CaFZ 5 0000 a 

20.7597 ' 

L202 -110.0000 -2422.5818 50.0000CaF2 APERTURE 
1.7471 STOP 

L203 A(2) -207.0381 50.0000 CaFZ 288776 
1.0688 L221 -372.1126 345.9930 20.2571 BaFZ 

L204 2275.8968 -321.1111 37.3056 CaFZ 14781 

1-7501 L222 355.4385 -1275.1287 38.2789 CaFZ 
L205 406.1096 -1319.2733 36.3250 CaFZ 

111 4377 10000 
L206 3631627 47585764 321320 can L223 250.0000 1545.4839 41.8111 CaFZ 

Z7021 20.7769 

L207 249.7397 607.9173 41.8375 CaFZ L224 189-9749 517-6110 400000 CaFZ 
1.1264 3.3286 

L208 163.5659 A(3) 50.0000 CaFZ L225 174.8289 A(6) 50.0000 CaFZ 
16.1258 21748 

L209 °° 125-8000 13-0000 BaFZ L226 109.1280 A(7) 45.4321 CaFZ 
28.5996 7 6757 

L210 ‘1322630 A“) 5282(1)? can L227 -2268.6099 00 50.0000 CaFZ 

L211 -204.6707 360.1149 30.0000 BaFZ 
26.8660 NA = 0-82 

L212 -141.2335 1284.6424 50.0000 BaFZ ¢ = 20-6 
1.0000 [5 = 1/4 

L213 A(5) -194.5080 43.1926 CaFZ d0 = 508015 

1-0000 WD = 10.0487 
L214 2953.2036 -289.0070 38.5362 CaFZ 

1.0000 

[0058] 

[TABLE 4] 

Surface Curv K 

Number C D E F 

A(1) 0.00330905 0.000000 -1.55401E-07 9.80748E-12 

-5.91884E-16 7.78132E-20 -5.93033E-24 0.00000E+OO 

A(2) -0.00039103 0.000000 -2.46491E-08 8.92562E-13 

-2.49615E-17 1.52447E-21 -4.75574E-26 0.00000E+OO 

A(3) 0.00673385 0.000000 -2.26886E-08 -1.15109E-12 

-2.48542E-17 -9.06227E-23 6.06210E-25 0.00000E+OO 

A(4) -0.00500000 0.000000 4.34229E-08 -1.65895E-12 

-1.73872E-16 -1.73641E-20 3.77326E-24 0.00000E+OO 

A(5) 0.00085689 0.000000 -1.86450E-08 4.92544E-13 

-1.10213E-17 3.66735E-22 8.85589E-27 0.00000E+OO 

A(6) 0.00143677 0.000000 5.59146E-08 -8.39865E-13 

7.21048E-17 -1.69616E-21 1.32821E-25 0.00000E+OO 

A(7) 0.00391918 0.000000 -4.52005E-08 4.93162E-13 

-1.09591E-15 1.89066E-20 3.84582E-24 0.00000E+OO 
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[0059] The following shows the condition equation cor 
responding values. 

[0060] FIG. 6 shoWs horizontal aberration (coma aberra 
tion) in a tangential direction and in a sagittal direction of a 
projection optical system of the second embodiment. In the 
diagram, Y represents the image height, and aberration is 
shoWn at Y=0, Y=5 .15, and the maximum image height of 
Y=10.3. In the diagram, solid lines shoW aberration at a 
Wavelength of 157.62 nm, dashed lines shoW aberration at 
the reference Wavelength +0.6 pm, and single-dot chain lines 
shoW aberration at the reference Wavelength —0.6 pm, 
respectively. As is clear from the aberration diagrams, With 
respect to the projection optical system of this embodiment, 
aberration can be corrected Well Within the range of the 
image height 0 to the maximum image height, and good 
chromatic aberration can be accomplished Within the Wave 
length range of FWHM 0.6 pm. Therefore, by incorporating 
the projection optical system of this embodiment into an 
exposure apparatus, even if a light source Whose narroW 
band region is not developed is used, an extremely ?ne 
pattern can be transferred onto a Wafer. The projection 
optical system of this embodiment has a round image ?eld 
With a diameter of 22.6. Therefore, an elongate exposure 
region can be obtained With, for example, a Width of 
approximately 5 in the scanning direction and a Width of 
approximately 20 in a direction perpendicular to the direc 
tion Within this image ?eld. Furthermore, the units for the 
image ?eld are mm When mm are used as the units for the 
radius of curvature and interval in Tables 3 and 4. 

[0061] [Third Embodiment] 
[0062] FIG. 3 is an optical path diagram of a projection 
optical system PL of a third embodiment. In the projection 
optical system PL of this embodiment, 157.62 nm is taken 
as a reference Wavelength. Chromatic aberration is corrected 
Within the range of 0.6 pm FWHM (full Width at half 
maximum) With respect to the reference Wavelength. Among 
lenses L301-L327 Within the projection optical system PL, 
the lenses L309, L311, L312, L316, L319, and L321 are 
formed of barium ?uoride (BaF2), and the other lenses are 
formed of calcium ?uoride (CaF2). Thus, all of the lens 
components Within the projection optical system PL are 
formed of ?uoride. 

[0063] As shoWn in FIG. 3, the projection optical system 
PL of this embodiment is constituted by, in order from the 
reticle R side as a ?rst surface, a ?rst lens group G1 having 
a negative refractive poWer, a second lens group G2 having 
a positive refractive poWer, a third lens group G3 having a 
negative refractive poWer, a fourth lens group G4 having an 
aperture stop AS Within an optical path, and a ?fth lens 
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group G5 having a positive refractive poWer. An clear 
aperture of a light beam in the projection optical system PL 
monotonically increases Within the ?rst lens group G1 in the 
direction from the reticle R side to the Wafer W side, the 
Wafer W side being a second surface. The clear aperture of 
the light beam is at a relative maximum Within the second 
lens group G2, and goes from an increased siZe to a 
decreased siZe Within the second lens group G2. The clear 
aperture is at a minimum Within the third lens group G3, and 
goes from a decreased siZe to an increased siZe Within the 
third lens group G3. The clear aperture is at a relative 
maximum Within the fourth lens group G4, monotonically 
decreases Within the ?fth lens group, and has only one 
signi?cant minimum betWeen the reticle R and the Wafer W. 

[0064] In the fourth lens group G4, three sets of combi 
nations in Which positive and negative lenses are adjacent to 
each other are included. That is, the positive lens L315, the 
negative lens L316, and the positive lens L317 are adjacent 
to each other, the positive lens L318, the negative lens L319, 
and the positive lens 320 are adjacent to each other, and the 
negative lens L321 and the positive lens L322 are adjacent 
to each other. Among these positive and negative lenses, the 
positive lenses L315, L317, L318, L320, and L322 are 
formed of calcium ?uoride, and the negative lenses L316, 
L319, and L321 are formed of barium ?uoride. 

[0065] Various values of the projection optical system PL 
according to the third embodiment are shoWn in Table 5. The 
lens numbers in Table 5 correspond to the lenses L301-L327 
shoWn in FIG. 3. Aspherical surface data of each surface is 
shoWn in Table 6. The de?nitions of symbols and coef? 
cients in Tables 5 and 6 are the same as in the above 
mentioned ?rst embodiment. Here, mm can be used as one 
example of the units for the radius of curvature and interval 
in various values of this embodiment. 

TABLE 5 

Radius of 
Lens Curvature 
Number Front Surface Back Surface Interval Material 

L301 1166.9632 A(1) 13.0000 CaF2 
37.4852 

L302 —110.6154 —379.5865 50.0000 CaF2 
1.0258 

L303 A(2) —192.7764 49.6611 CaF2 
1.0000 

L304 1085.7793 —428.5313 39.9684 CaF2 
1.0000 

L305 541.8291 —922.7317 36.0919 CaF2 
82.7788 

L306 378.2576 —1015.4605 33.7172 CaF2 
1.0000 

L307 160.0000 370.3756 45.7237 CaF2 
7.0120 

L308 1131.6743 A(3) 14.3093 CaF2 
14.7161 

L309 00 124.3671 13.0000 BaF2 

42.8662 
L310 —142.5635 A(4) 50.0000 CaF2 

6.4821 
L311 —130.2930 11238.6244 33.0000 BaF2 

19.2395 
L312 —146.8338 —5818.0478 50.0000 BaF2 

5.6922 
L313 A(5) —218.7197 32.0684 CaF2 

1.2053 
L314 1161.4214 —263.2865 48.7242 CaF2 

1.0000 
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|FNi|=|-1291/124|=10.411 (Lens L310) 
TABLE 5-continued |FNi|=|-196/140|=1-4 (Lens 1311) 

|FNi|=|-230/193|=1.192 (Lens L312) 
Radius Of |FNi|=|1444/206|=2.155 (Lens L313) 

Lens Curvature 00 68 FIG h h . 1 b . b 
Number Front Surface Back Surface Interval Material ‘ 7 0W5 QnZOnta _a erratlon (C9ma_a erra 

tion) in a tangential direction and in a sagittal direction of a 
L315 2425-7148 ‘328-5519 353353 Cam projection optical system of the third embodiment. In the 

L316 _4O8_1574 2997816 219417 BaFZ diagram, Y represents the image height, and aberration is 
202539 shoWn at Y=0, Y=5 .65, and the maximum image height of 

L317 321.5454 -10948316 48.7910 CaF2 Y=11.3. In the diagram, solid lines shoW aberration at a 
10000 Wavelength of 157.62 nm, dashed lines shoW aberration at 

L318 340.7458 -461.4745 59.0261 CaF2 ~ ~ ~ 
9 0836 the reference Wavelength +0.6 pm, and single-dot chain lines 

L319 _332_8659 3597088 21:9417 Bap; shoW aberration at the reference Wavelength —0.6 pm, 
1.0583 respectively. As is clear from the aberration diagrams, With 

L320 361-4592 ‘458-2498 52-8180 can respect to the projection optical system of this embodiment, 
APERTL'EJIQgOSTOP aberration can be corrected Well Within the range of the 

318961 image height 0 to the maximum image height, and good 
L321 -351.3206 340.5025 22.2238 BaF2 chromatic aberration can be accomplished Within the Wave 

3-9379 length range of FWHM 0.6 pm. Therefore, by incorporating 
L322 387.1695 -384.8732 54.1700 CaF2 ~ ~ ~ ~ ~ ~ 

1 0000 the projection optical system of this embodiment into an 
L323 3022703 11047960 470000 Cap; exposure apparatus, even if a light source Whose narroW 

4.6463 band region is not developed is used, an extremely ?ne 
L324 212-0535 388-2518 45-0000 CaFZ pattern can be transferred onto a Wafer. The projection 

17041 optical system of this embodiment has a round image ?eld 
L325 146.4795 A(6) 50.0000 CaF2 _ _ 

57202 With a diameter of 22.6. Therefore, an elongate exposure 
L326 135.5815 A(7) 38.2164 CaF2 region can be obtained With, for example, a Width of 

6-8613 approximately 5 in the scanning direction and a Width of 
L327 -2622.2061 00 50.0000 CaF2 ~ ~ ~ ~ ~ ~ approximately 22 in a direction perpendicular to the direc 
NA = 083 tion Within this image ?eld. Furthermore, the units for the 
4) = 22.6 image ?eld are mm When mm are used as the units for the 

- ra ius o curva ure an in erva in a es an . gal/250449 d f t d t l Tbl 5 d6 
WD = 9-0000 [0069] [Fourth Embodiment] 

[0070] FIG. 4 is an optical path diagram of a projection 
[0066] optical system PL of a fourth embodiment. In the projection 

[TABLE 6] 
Surface Curv K A 
Number C D B 

A(1) 0.00562967 0.000000 -1.33458E-07 4.51141E-12 
-2.58854E-16 1.30846E-20 -5.20101E-25 0.00000E+OO 

A(2) -0.00102608 0.000000 -2.43590E-08 4.31037E-13 
-1.72011E-17 4.53150E-22 -1.21226E-26 0.00000E+OO 

A(3) 0.00635565 0.000000 -680307E-08 -3.35778E-12 
-4.56540E-17 5.72800E-21 1.26855E-25 0.00000E+OO 

A(4) -0.00500000 0.000000 -1.15317E-08 -1.41463E-12 
-3.08424E-16 -2.58539E-20 6.63253E-25 0.00000E+OO 

A(5) -0.00057595 0.000000 -3.20249E-08 3.63964E-13 
-3.00735E-17 4.95364E-22 -2.39840E-26 0.00000E+OO 

A(6) 0.00142092 0.000000 1.07948E-08 -3.59840E-13 
-1.14407E-18 1.14964E-21 -588501E-26 0.00000E+OO 

A(7) 0.00318547 0.000000 -181289E-08 2.51586E-12 
-4.08920E-16 -3.10463E-20 282402E-24 0.00000E+OO 

[0067] The folloWing shoWs the condition equation cor 
responding values. 

optical system PL of this embodiment, 157.62 nm is taken 
as a reference Wavelength. Chromatic aberration is corrected 

Within the range of 0.5 pm FWHM (full Width at half 
maximum) With respect to the reference Wavelength. Among 
lenses L401-L425 Within the projection optical system PL, 
the lenses L405, L406, L407, L413, L414, L415, L417, 
L418, L420, L421, L422, and L423 are formed of lithium 
?uoride (LiF) and the other lenses are formed of calcium 
?uoride (CaFZ). Thus, all of the lens components Within the 
projection optical system PL are formed of ?uoride. 
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[0071] As shown in FIG. 4, the projection optical system 
PL of this embodiment is constituted by, in order from the TABLE 7_C0ntinued 
reticle R side as a ?rst surface, a ?rst lens group G1 having 
a negative refractive poWer, a second lens group G2 having Radius of 
a positive refractive poWer, a third lens group G3 having a Lens Curvature 
negative refractive poWer, a fourth lens group G4 having an Number Front Surface Back Surface Interval Material 
aperture stop AS Within an optical path, and a ?fth lens 
group G5 having a positive refractive poWer. An effective L403 Ac) _192_9993 499983 can 
diameter of a light beam in the projection optical system PL 
monotonically increases Within the ?rst lens group G1 in the L404 _24591_6249 _25O_4844 333232 can 
direction from the reticle R side to the Wafer W side, the 1 0136 
Wafer W side being a second surface. The effective diameter L405 524 9113 _476 9535 460000 LiF 
of the light beam is at a relative maXimum Within the second ' ' ' 

lens group G2, and goes from an increased siZe to a 291413 _ 
decreased siZe Within the second lens group G2. The effec- L406 2501273 _995'9358 49'6664 LlF 

tive diameter is at a minimum Within the third lens group G3, 10197 
and goes from a decreased siZe to an increased siZe Within L407 1600000 °° 500000 LiF 

the third lens group G3. The effective diameter is at a 5-7813 
relative maXimum Within the fourth lens group G4, mono- L408 A6) 141-3803 50-0000 CaFZ 
tonically decreases Within the ?fth lens group, and has only 15-2837 
one signi?cant minimum betWeen the reticle R and the Wafer L409 1443-6200 93-7861 13-9389 CaFZ 
W, 73.1876 

[0072] In the fourth lens group G4, tWo sets of combina- L410 115-9482 200-0113 4:33]; can 

tions in Which positive and negative lenses are adjacent to L411 M4) 1731392 134188 can 
each other are included. That is, the positive lens L415, the 40 8651 
negative lens L416, and the positive lens L417 are adjacent L412 _139 0144 A6) 136000 can 
to each other, and the positive lens L418, the negative lens ' 1'OO18 
L419, and the positive lens 420 are adjacent to each other. ' _ 
Among these positive and negative lenses, the positive L413 _1657'9961 _151'9461 449760 LlF 
lenses L415, L417, L418 and L420 are formed of lithium 10000 
?uoride, and the negative lenses L416 and L419 are formed L414 184182668 “2500000 401874 LiF 
of calcium ?uoride. 10000 

L415 731.9416 -286.5709 48.4169 LiF 

[0073] Various values of the projection optical system PL 10000 
according to the fourth embodiment are shoWn in Table 7. L416 4118261 2995589 200000 Cap; 
The lens numbers in Table 7 correspond to the lenses 89374 
L401-L425 shoWn in FIG. 4. Aspherical data of the respec- L417 4195013 _617_4548 424661 LiF 
tive surfaces is shoWn in Table 8. The de?nitions of symbols 50000 
and coefficients in Tables 7 and 8 are the same as in the APERTURE STOP 
above-mentioned ?rst embodiment. Here, mm can be used 5 0392 
as one eXample of the units for radius of curvature and ' _ 
interval in various values of this embodiment. The indeX of L418 6724545 _265'9995 554673 LlF 

refraction of lithium ?uoride for a reference Wavelength of 10000 
157.62 nm is 1.4859. In this embodiment, dispersion dn/d)» L419 _361'4378 2646026 202571 can 

Which is the amount of change of the indeX of refraction per 85924 
1 pm of calcium ?uoride is —2.606><10_3/nm, and dispersion L420 342-6820 ‘426-2790 53-6958 LiF 
dn/d)» Which is the amount of change of the indeX of 10766 
refraction per 1 pm of lithium ?uoride is —1.711><10_3/nm. L421 252-2904 3572-9998 420000 LiF 

Furthermore, if the value of dispersion dn/d)» Which is the 1-0000 
amount of change of the indeX of refraction per 1 pm is L422 215.7677 1650.3645 39.9999 LiF 
positive, the indeX of refraction n increases as the Wave- 10000 
length )L becomes longer. If the value of dispersion dn/d)» is L423 1836896 M6) 427255 Lip 
negative, the indeX of refraction n decreases as the Wave- 13070 

length 0 becomes longer‘ L424 576.4084 A(7) 49.8502 CaF2 

1.0074 

TABLE 7 L425 382.0188 794.0176 49.9633 CaF2 

Radius of 
Lens Curvature NA = 082 

Number Front Surface Back Surface Interval Material 4) = 206 

L401 00 A(1) 13.0000 CaF2 [5 = 1/4 
22.2233 

L402 -110.0000 1309.7024 31.5240 CaF2 d O = 47-0085 

8.6729 WD = 9.3388 














